Abstract: Depolymerization of poly(ethylene-terephthalate) (PET) in PET/HDPE blends, obtained from virgin polymers during mechanical recycling was studied. Extrusion of PET/HDPE blends was simulation of the first cycle of recycling and extrusion of the blends with EPDM/HDPE (E-M) masterbatch and HDPE/EPDM (PE-M) masterbatch the second cycle. After that the samples were additionally treated to examine their thermooxidative stability. Blends were characterized by determination of the concentration of carboxyl groups by Pohl titration, by FTIR spectroscopy and differential scanning calorimetry (DSC) to determine crystallization (T c ) and melting (T m ) temperatures. The concentration of determinated carboxyl end groups in blends indicate presence of formed polymer radicals with hydroxyl-carboxyl end groups as the result of depolymerization of PET. Presence of characteristic groups was also confirmed by FTIR. DSC results indicate the influence of HDPE on crystallization temperature of PET and points to the fact that even degraded samples maintain the chemical structure of PET. From the results it can be seen that addition of the particular modifier can reduce and even prevent the depolymerization during the recycling process.
Introduction
The environmental policy of many countries encourages the recycling of plastics. Recycling of plastic is a promising method because it results in new polymer materials. By development of recycling procedures the conventional waste management methods (land-filling and incineration) could be reduced. Generally, any uncontrolled processes of land-filling or incineration should be avoided because of pollution and health hazard while recycling is recommended method and it has ecological and economical benefits [1] . However, the cost for the production of recycled polymers is often not competitive with those of virgin products. During last decade many efforts have been addressed to the improvement of separation and purification methods of the plastic components from industrial and municipal wastes. Blending of scrap polymers under suitable conditions may provide an alternate route for the marketing of recycled compounds with satisfactory cost/performances and application potential in packaging, domestic and engineering sectors. These methods, such as intrusion processes or continuous extrusion, have been designed to mould commingled materials into bulky profiles which can be used for low value applications [2] . Success in recycling relies very much on the development of new technologies and manufacturing processes for multicomponent polymer systems where great applications potential lies in reactive extrusion and injection moulding processes [3, 4] . Recent studies have shown that good and consistent properties can be obtained for plastic wastes by using melt blending [5] . The properties of recycled plastic materials are generally affected by many factors (i.e. composition, degradation, presence of impurities etc.). These heterogeneous polymer systems might be enhanced by various methods, including both reactive and non-reactive processes [6, 7] . In reactive compatibilization processes the copolymers can be formed in situ during the melt-blending by using suitable polymers containing functional groups (carboxyl) capable of reacting with the other polymer component [8, 9] .
Poly(ethylene-terephthalate) (PET) and polyethylene (HDPE) are the thermoplastics that are more largely used as a packaging materials (bottles, films, containers, etc.). Due to enormous growth of these materials the need for providing for their post consumer recycling has become very important issue. Poly(ethylene-terephthalate) (PET) is one of the polymers which can be successfully recycled by several methods but PET depolymerization that occurs during recycling should be controlled. It is known [10] that the depolymerization is highly dependent on processing conditions, which can be followed by formation of polymer radicals with hydroxyl and carboxyl end groups. In this study PET was mechanically recycled in the presence of HDPE polymer and depolymerization during recycling as well as the effect of modifiers on PET depolymerization was followed for improving the performances and re-use of these materials.
Results and discussion

Titration of carboxyl groups
The concentration of carboxyl end groups of PET polymer radicals in PET/HDPE blends was determined after each cycle of extrusion, which are simulating mechanical recycling of PET. The first cycle is processing of PET/HDPE blends, the second cycle is the processing of PET/HDPE blends with PE-M and E-M masterbatches and the third cycle is thermal treatment of modified PET/PE-M/T and PET/E-M/T blends after ageing at 200 o C for 5 hours. Increase of carboxyl end groups is the result of PET thermodegradation [15] , equation (1) , during the extrusion at elevated temperatures. The products of PET depolymerization are polymer radicals with hydroxyl and carboxyl end groups, they act as the catalysts and promote further degradation [16] , thus enhancing the importance of this parameter. Besides the thermodegradation, some side reaction yield side products like water, which initiate hydrolysis of PET and increase the concentration of carboxyl end groups, according to reaction (2). The concentration of formed carboxyl end groups of PET polymer in blends was followed by Pohl titration and the results are given in Fig. 1 and Tab. 2. From the results it can be seen that the highest concentrations of carboxyl end groups can be observed for the first series of samples (PET/HDPE blends) particularly when the results are compared to virgin PET, whose concentration was 7.143 x 10 -4 mmol/ml.
In the second series of studied samples decrease of concentration of carboxyl end groups is observed, Fig. 1 . It is assumed that formed PET radicals with highly reactive hydroxyl-carboxyl end groups start chemical bonding with polymers from masterbatches during extrusion. This conclusion is drawn from the results where it is observed that modifier, which consists mainly of EPDM polymer significantly lowers the concentration of carboxyl end groups, the second series of samples (PET/E-M). On the other hand, when the results of PET/PE-M samples are considered it can be seen that concentration of carboxyl groups are slightly changed. These features indicate that formed PET radicals did not react with HDPE polymer from masterbatch, Table 1 .
Tab. 1. The concentration of carboxyl end groups of PET in PET/HDPE, PET/PE-M and PET/PE-M/T blends.
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c,mmol/ml C atom that are on highly reactive places on EPDM chains while the reactions with HDPE polymer is difficult to start. Such chemical bondings recover PET and extend the molecular masses while the degradation or depolymerization of polymer significantly reduces the chain lengths, which is always followed by deterioration of properties.
To evaluate the thermooxidative stability of the re-processed blends the studied samples were additionally thermally treated and from the results it can be said that certain increase of the concentration of carboxyl end groups is observed. Concerning the samples with E-M masterbatch, the values are still lower then those for the first series of samples Fig. 1 . The results indicate good thermal stability of re-processed modified blends. The concentration of carboxyl end groups for samples with PE-M masterbatch for all three series are very slightly changed but some decrease in the concentration in the second cycle can be observed and it is assumed that is the result of the reverse reaction of polycondensation of PET radicals.
FTIR spectroscopy
The main changes of absorbance followed by FTIR are the appearance of −OH stretching at 3430 cm -1 indicating alcohol and acid hydroxyl end groups and absorbance of − C=O stretching at 1715 cm -1 due to carbonyl groups of the PET samples. Although FTIR spectra are inadequate for quantitative estimation of the concentration, it confirms the acid and hydroxyl group determinations [13] . The effects of chain structure and chemical environment on the shape and intensity can be seen from the band(s) of PET that are particularly sensitive to environmental changes [18, 19] . There is a significant change in the shape, number and intensity of the bands during the degradation process which is attributed to the change in the electronic environment of the aliphatic carbon -hydrogen chains. Decreasing the polymer chain length causes a change in the ratio of the number of terminal end groups relative to the number of bulk polymer, although the intensities of the −C=O and −OH bands usually are related linearly with concentration.
The diagrams in Fig. 4 also show the −OH bands associated with an increase in carboxyl and alcohol chain end groups. There are differences in the −OH band shapes between the studied samples indicating a strong hydrogen bonded network, but the stronger intensity could be attributed to a difference in the ratio of carboxyl/alcohol end groups or be due to the different hydroxyl-environments via hydrogen bonding [20] . Since the carbonyl band will be involved in hydrogen bonding, we can attempt to identify species formed during degradation by interpreting the shifts in peak positions. This indicates different species in the systems and the carbonyl band of the samples are at ~ 1715 cm -1 which can be attributed to the acid end group. Broad band suggests that the products of the degradation include acid and hydroxyl end group radicals as well as their combination. There are reports in the literature about shifts to higher wavenumber of carbonyl bands involved in `side-byside' hydrogen bonding [18] . results confirm the fact that PET radicals are formed during mechanical recycling. Considering the relative absorbances of -OH groups at 3430 cm -1 the decrease of the concentration can be observed in the second cycle for the PET/E-M samples, Fig.5 . This is explained with reverse reaction of polycondensation of PET radicals and chemical boning with modifier and such a conclusion is supported with the results of PET/PE-M samples where an increase of the concentration is observed due to absence of chemical reaction. 
Differential scanning calorimetry
Representative DSC heating curves (first run) of PET/HDPE blends are shown in Fig.  7 . 
Tab. 2. DSC results: melting temperature (T m ), crystallization temperature (T c ) and crystallinity degree (X c )
. First endotherm corresponds to HDPE melting and the second to PET melting. The intensity of the endotherm corresponds to the concentration of polymers in blends where fraction of HDPE increase from 3 to 15 mass % while the intensity of PET remained unchanged in spite of decrease of concentration. The heating curves of the blends with masterbatches are of the same shape and no new peaks were generated as shown for PET/E-M masterbatch, Fig. 8 . This is in accordance with literature values and results [22] and points to the fact that even when some degradation is present the samples maintain the chemical structure of PET.
Corresponding melting temperatures (T m ), crystallization temperatures (T c ) and crystallinity degree (X c ) are listed in Table 2 . Melting temperatures of PET in the blends are slightly changed regarding to pure PET and slight decrease of T m values indicate presence of polymer radicals with lower molecular masses which would start to melt at lower temperatures. Formed crystals would recrystallize at lower crystallization temperatures and distribution is similar to polymer molecular mass distribution, Tab. 2 and 3. These results are in accordance with the results of the concentration of the carboxyl end groups and confirmed the assumption that reverse reaction of PET radicals is present in the second series of samples where increase of T c and T m values are observed. For the PET/E-M samples that behaviour is more obvious which point to reactive compactibilization processes. The results of crystallinity degree show that when amorphous PET crystallized at lower temperatures, poor quality crystals are formed [14] like in samples for the first series. When the crystallinity degree is considered in samples that are additionally thermally treated some increase of the values is obtained, Tab. 4. On the other hand, it seems that thermal characteristics of HDPE by blending with PET almost remain unchanged although some decrease of T m and increase of crystallinity degree is observed for the third series. The thermooxidative degradation of HDPE in blends can occur through random chain scission giving shorter chains with carboxyl end groups, [23] . Furthermore, EPDM contains unsaturation which, generally, increases the oxydability of adjacent methylene groups and this observation is supported by DSC thermograms where sharp melting peak of HDPE is now broadened, Figure 9 ; an additional shoulder appears and the melting temperatures are lowered. From the results it can be concluded that PET/PE-M re-processed blends are more thermally stable (third series) while reverse reaction of PET radicals is higher in PET/E-M blends (second series). 
Tab. 3. Thermal analysis results of PET/PE-M and PET/E-
Conclusions
Concentration of reactive hydroxyl and carboxy end groups formed during thermomechanical degradation of PET decrease when E-M masterbatch was added due to the presence of double bonds and tertiary C atoms that are on highly reactive places in EPDM chains and those unsaturations increase the oxydability of adjacent methylene groups. From the results it can be concluded that it is possible to enhance the properties of recycled PET/HDPE blends if a suitable modifier is added because then the reactive compatibilization process is achieved. Finally, it was observed that PET/HDPE with PE-M masterbatch is more stable in the thermooxidative environment. 
Experimental part
Materials
Blend preparation
The blends preparation were carried out by extrusion process on a Haake Rheocord System 9000 twin-screw extruder (Haake, Karlsruhe, Germany), a co-rotating extruder with standard, non-intensive screw characteristics. For the first series of samples (PET/HDPE blends) the following heating zones of temperatures was selected 220/235/245/255 °C and the screws rotation speed was set to 60 rpm. The samel conditions were applied to prepare PE-M masterbatch (90/10) and for E-M masterbatch (90/10) heating zones were 175/200/200/210 °C with the screws rotation speed of 65 rpm. Furthermore, PET/HDPE blends were modified by PE-M and E-M masterbatches and extruded, at the following conditions: heating zones were 220/235/235/245 °C and the screws rotation speed of 65 rpm, samples are denoted as series two. Compositions of the studied blends are listed in Table 4 . 
Thermal treatment of the blends
The blends modified with masterbatchs, (PET/PE-M and PET/E-M) were additionally thermally treated in an air oven (with circulating air, Memmert GmbHCo. KG, Germany) at 200 0 C for 5 hours to study their thermal stability and samples were denoted as series three (PET/PE-M/T and PET/E-M/T).
Characterization -Titration of carboxyl groups
Degradation, i.e. depolymerization of the PET polymer in studied blends that appear during the extrusion and during the thermal exposure was followed by determination of the concentration of carboxyl end groups. PET polymer (0,25 g) was dissolved in benzyl alcohol (25 cm 3 ) in 4 neck glass reactor equipped with stirrer and reflux system, at 195 0 C for one hour, with constant stirring. After that the solution mixture was cooled to room temperature and titration was carried out with 0.1 mol dm -1 NaOH solution in benzyl alcohol. Indicator bromophenol blue was used to indicate change of colour from green to blue, according titration by Pohl [11, 12] .
-FTIR spectroscopy
The absorbance of hydroxyl groups at 3430 cm -1 and carboxyl groups at 1725 cm -1 of PET after the extrusion was followed by FTIR spectroscopy. As an external standard the absorbance at 1410 cm -1 was used to compensate the variations in films thickness [13] . For this purpose blends were grounded into fine powder in lab mixer (Ika Werke M20 GmbH & Co., KG, Germany) and prepared as pellets with KBr. FTIR spectra were recorded on Perkin Elmer Spectrum One FTIR spectrometer in the range of 4000 to 450 cm -1 .
-Differential scanning calorimetry (DSC) DSC scan of blends was obtained using Perkin Elmer DSC-4 differential scanning calorimeter. The samples (about 5 mg) were heated from 50 o C up to 280 °C and were cooled to room temperature at a standard heating/cooling rate of 10 °C/min, under nitrogen stream. The samples were characterized by determination of crystallization temperature (T c ) and melting temperature (T m ). Melting and crystallization temperatures were determined as the onset temperature of the melting peak. The crystalline degree (X c ) of each polymer component was calculated from the ratio of the observed melting enthalpy (ΔH m ) from the first run and the melting enthalpy (ΔH m0 ) of 100 % crystalline polymer, which is 136 J/g for PET and 293 J/g for HDPE [14] taking into consideration the amount of polymers in blends. 
